Mesenchymal stem cells from periodontal ligament (PDL-MSCs) hold great promise for bone regeneration.
Most studies regarding the osteogenic differentiation of stem cells from periodontal tissue suggest that PDL cells may have many osteoblast-like properties, including the ability to form calcified nodules in vitro. This study investigated the morphological and histochemistry aspects of human PDL-MSCs, induced for osteogenic differentiation and seeded on a xenogenic porcine bone substitute in vitro, at different times of incubation. This biomaterial seems physically identical to human bone, and it has been reported to be osteoconductive. Our results indicated that the cells had a high affinity for the three-dimensional biomaterials; in fact, cellular proliferation and colonization was evident, and after 21 days the adherent cells started to detach themselves from the substrate, and at 30 days of incubation in differentiation medium, the cells completely lost the adhesion to the Petri's disk, englobing all bioparticles. In conclusion, the in vitro behaviour of PDL-MSCs and their relationship with three-dimensional scaffold biomaterials encourage in vivo investigations for their use in dental tissue regeneration.
Mesenchymal stem cells (MSCs), precursors of the reconstruction of healthy periodontium is a major mesenchymal tissues, are multipotent and represent the goal of periodontal therapy. Many new approaches have precursors for bone, cartilage, muscles and connective been developed for treating periodontal defects, including tissue (I).
guided tissue regeneration and growth factors, but so Several studies have demonstrated that MSCs far, none of these treatments has provided a consistently expanded ex vivo are able, not only to regenerate tissues predictable outcome. of mesenchymal lineage, but also to differentiate into
As the critical tissues that require regeneration in the cells derived from other embryonic layers, including periodontium are of mesenchymal origin, the ability to neurons (2) (3) (4) (5) . Due to these characteristics MSCs are good identify, characterize and manipulate MSCs within the candidates for the treatment of mesenchymal disorders, periodontium is of considerable clinical significance, gene therapy, transplantation and tissue engineering. especially in terms of developing novel mechanisms Even if bone marrow represents a well established of achieving periodontal regeneration. In particular, MSCs source, adult stem cells could be obtained in large regarding bone repair recent findings have suggested quantities with minimal surgical stress from a variety of that POL cells may have many osteoblast-like properties, tissues and organs, such as umbilical cord, circulating including the ability to form calcified nodules in vitro blood, dental pulp, periodontal ligament, amniotic fluid, (17) (18) . etc. (6) (7) (8) (9) (10) (11) (12) (13) . An interesting and promising adult stem cell Tissue-engineering aims for a significant reduction in source is the periodontal ligament (POL), thus we focused donor site morbidity and provides materials with better our attention on MSCs expanded ex vivo from human mechanical properties than those currently used (19) . periodontal ligament (POL-MSCs).
The essential elements of tissue engineering are stem POL not only has an important role in supporting or precursor cells, an appropriate biologic scaffold and teeth, but also contributes to tooth nutrition. In addition, growth factors (20) (21) . Biomaterial scaffolds designed the presence of multiple cell types within POL has led to for tissue-engineered constructs must possess suitable the speculation that this tissue might contain progenitor mechanical properties to sustain mechanical stress cells that maintain tissue homeostasis and regenerate typically found in the maxillo-facial region, in addition periodontal tissues (14) (15) (16) . Periodontal diseases are the to accommodate cell viability, growth, and function most frequent cause of tooth loss, due to the destruction (21) . There is an increasing interest in designing new of the tooth supporting tissues, including POL, biomaterials that could potentially be used in the form of cementum, gingiva and alveolar bone, and consequently scaffolds as bone substitutes designed to induce minimal or no immune response and improving a stable implant! tissue interaction (22) . There is a recently studied grafting material, which is a xenogenic bone substitute consisting of sterilized cortical pig bone in the form of particles with a high porosity and with a diameter ranging from 700 to 1000 urn. This biomaterial appears physically identical to human bone and has been reported to be osteoconductive, well integrated in the host site and to show an incomplete resorption (23) .
In this study some results of PDL-MSCs cultured on commercially available biocompatible three-dimensional scaffold such as the porcine bone-derived biomaterial are presented.
MATERIALS AND METHODS
Ce// culture. Human periodontal ligament was obtained from 10 volunteers aged 20-35 years after informed consent. Both systemic and oral diseases were absent in all subjects. The protocol of the study was approved by the Ethic Committee of the University of Chieti-Pescara. Both systemic and oral diseases were absent in all subjects. The explants were scraped using Gracey's curettes from alveolar crestal and horizontal fibers ofPDL (24, Trubiani et al. submitted) attached to the roots of non-carious molar teeth. Human PDL-MSCs were obtained and cultured as previously reported (25) . Ex vivo expanded cells were induced to osteogenesis for 4 weeks with a-MEM medium supplemented with 10% FBS IOmM~-glycerophosphate, 0.2mM ascorbic acid, 10-8 M dexamethasone and seeded in contact with three-dimensional biocompatible scaffolds, consisting of anorganic porcine bone particles (Apatos®, Tecnoss, Turin, Italy). Controls consisted of a) PDL-MSCs grown without osteogenic medium; b) PDL-MSCs induced to osteogenesis, seeded without biomaterials. Cells were periodically checked under a phase contrast light microscope and finally fixed and analysed by scanning electron microscopy (SEM) and transmission electron microscopy (TEM). Living autologous bone formation was evaluated by phase contrast microscopy and alizarin red S staining.
Histochemistry. As an indicator of mineralization within the PDL-MSC cell cultures induced to differentiation, calcium deposition was analyzed by Alizarin Red S staining. Briefly, the cells fixed with ice-cold 70% ethanol and stained with 40 mM Alizarin Red S (Sigma-Aldrich) solution, for at least 10 min, rinsed in water, and washed in Tris Buffered Saline (TBS) for 15 min to remove no-specific stain. The plates were air dried and analyzed by light microscopy.
Transmission Electron Microscopy (TEM). The samples were fixed with 2.5% glutaraldehyde in cacodylate buffer for I h and post-fixed with 1% OS04 in the same buffer for I hat 4~. They were then stained overnight with saturated aqueous uranyl acetate solution, dehydrated and embedded in Spurr~medium (Polyscience, Warrington, PA, USA). Semithin sections were stained with toluidine blue. Thin sections were counterstained with lead citrate. Ultrastructural observations were carried out using a Jeol JEM 1010 electron microscope operating at 60 kY.
Scanning Electron Microscopy (SEM). The samples were prefixed for 4 h at 4°C in 2% glutaraldehyde in 0.05 M phosphate buffer (pH 7.4), post-fixed in I% osmium tetroxide, dehydrated in increasing ethanol concentrations and then CPDdried. They were then mounted on aluminum stubs and goldcoated in an Emitech K 550 (Emitech Ltd. Ashford, Kent,UK) sputter coater before imaging by means of a SEM (LEO 435 Vp Cambridge, UK).
RESULTS
In-vitro cell culture provides an ideal tool to investigate specific material characteristics, indeed the current study assessed the cellular response to porcine bone substitute biomaterials.
In this study we used a stem/progenitor cell population selected by the following mesenchymal marker: CD29, CD44, CD90, COl05, CD166. No tooth extraction was needed and explants, derived from the alveolar crestal and horizontal fibers of PDL, allowed the migration of a population ofMSCs, all showing the same morphological and phenotypical features previously described (25) (26) . The evaluation under contrast phase light microscopy of ex-vivo expanded PDL-MSCs cultured with osteogenic medium after 3 and 4 weeks showed the
Fig. 2. A: SEM micrographs of human PDL-MSCs seeded on porcine bone biomaterial. The induced cells revealed adhesion and continuous contact to the substrate (arrows). Confluent living induced cells layers were observed on uppermost biomaterials surface. Cellular margins were indiscernible due to the intimate contact between neighbouring cells. Magnification bar: 30 )lm. B: Cellular response to 3D biomaterials hosting PDL-MSCs induced to osteogenesis analysed by transmission electron microscopy. Cell surface of PDL-MSCs makes tight contact with the biomaterial scaffold (arrows). Nucleus with more nucleoli is visible. Induced cells show cuboid shape, profiles of RER, mithocondria and numerous electron dense granules. Magnification bar: 20)lm.
features of osteogenic cells. The PDL-MSCs seeded on three-dimensional scaffolds had grown without being inhibited by the presence of biomaterials and the colonies closely adhered to the substrate. Initial light microscopy investigation revealed that the cells proliferated and adhered to the substrate (Fig. lA) . Observation of figure lB revealed a marked positivity to alizarin red staining of the cells and in particular, the cells adherent to porcine bone biomaterial were strongly positive. After 21 days the adherent cells started to detach themselves from the substrate (Fig. 1C ) and at day 30 of incubation, in differentiation medium, the cells completely lost adhesion to the Petri's disk and shaped a bone nodule englobing all bioparticles (data not shown). A remarkable difference was found in the initial adherence of cells to the well and the cells which started detaching from the bottom well at day 21. Alizarin red dye specifically stains Ca-P nodules and the positivity was particularly arranged and evident in areas around the bioparticles, indicating the biocompatibilty and the ability as osteogenic inductor of 3-D biomaterials used in the present report.
SEM observations helped to clarify the behavior of PDL-MSCs in contact with the porcine biomaterials. The scaffolds supplied an excellent support for cell structures, in fact cellular proliferation and colonization was evident on the bone substitute, a considerable part of the surface of the biomaterial was covered and an elaborated form of attachment was evident ( Fig. 2A) .
Transmission electron micrographs confirmed the intimate relationship and the close contact that PDL-MSCs has with the scaffold (Fig. 3B) . The fine observation of PDL-MSCs seeded on different biomaterials demonstrated cells with polygonal shape, euchromatic nucleus, with one or more nucleoli. Many electron-dense granules were evident. DISCUSSION Regenerative medicine, intended as augmentation of the body's natural propensity towards healing and restoration ofstructural integrity, based on the information ofbiological functions, is a stimulus for tissue-engineering approach for clinical application (27) .
Many papers have shown the potential of mesenchymal stem cells to differentiate to osteoblasts and contribute to bone regeneration and, as reported by GUGALA et al (28) , osteogenic cells may derive from the medullary canal, from the Haversian and Wolkmann canals or from periosteal progenitors. Moreover, the mesenchymal stem cells are very promising in terms of proliferation and differentiation ability, because they can be isolated and expanded ex vivo and can be used for biological and clinical studies. Cell culture represents a perfect instrument for several investigations and even new materials for implants are tested in appropriate cell culture systems before use in clinical application. Human mesenchymal cell lines derived from PDL have been phenotypically and functionally characterized. PDL contains postnatal MSCs which are capable of regenerating several tissues of mesenchymal origin, such as bone, cartilage and adipose tissue, as well as cementum/PDL-like structures which may assist in periodontal tissue repair (29) (30) (31) (32) (33) . The similarity of such MSCs cultured from POL to stromal cells found in the bone marrow (BM) and in the dental pulp has already been reported (12, (34) (35) (36) (37) . In the present study, it was found that ex vivo expanded human POL-MSCs have a remarkable ability to differentiate into osteoblasts and to colonize the three-dimensional biomaterials.
It has been demonstrated that cortical porcine bonederived biomaterial may promote bone formation and can be used for maxillary sinus augmentation because it does not interfere with bone regeneration processes and implants osseointegration (38) . However, its colonization by POL-MSCs induced to osteogenesis might be advantageous, since this fact could shorten the period required for promoting new-bone formation. Osteogenic induction was provided by biochemical cues, i.e. ascorbic acid, dexamethasone and~-gl ycerophaspate.
At 3-4 weeks the POL-MSCs after seeding onto porcine bone scaffold started to proliferate and reached confluence, forming a multilayer that subsequently lost the adhesiveness to bottom well and adhered to bioparticles forming a single bone nodule stained by alizarin red S. POL-MSCs appeared to grow and to colonize the scaffolds covering mostly of the bioparticles, thus the examined biomaterial could be an excellent support for tissue reconstruction for its biological affinity and for the ability to support the growth, the migration and the differentiation of POL-MSCs. Consequently, bone regeneration in oral and maxillo-facial surgery could be improved by this kind of hard scaffold, which have been shown to be perfectly biocompatible and able to support cell growth and differentiation. However, since some drawbacks and limitations have emerged, further research studies are needed before introducing them into clinical practice (39) .
In summary, the reported in vitro assay provided strong evidence that porcine bone-derived biomaterial did not interfere with the POL-MSCs development that, in fact, seemed to demonstrate an osseointegration process within the bone microenvironment.
The use of autologous mesenchymal stem cells, easily obtained from oral tissues seeded into three-dimensional carriers could represent an interesting approach which may be advantageous in the procedures of bone defects regeneration. In addition, our results can encourage more extensive research in vivo and in vitro involving the clinical application ofconstructs for tissue engineering not only in dentistry, but also in the other fields of medicine.
